Abstract: Elution fractionations of broadly molar mass-distributed, hyperbranched poly(urea-urethane)s with OH-and Ph-end groups were carried out to obtain a number of macromolecular samples possessing different molar masses at the same chemical structure. The characterization of the polymers was performed by SEC, MALLS, 1 H-NMR, MALDI-TOF-MS and viscosity measurements. Modifications of the OH-end groups of the polymers were carried out. We observed a strong influence of the end groups on the solution behaviour of the hyperbranched samples. The molecular shape of the hyperbranched polymers in solution was compared to their linear analogue using the Kuhn-Mark-HouwinkSakurada relationship. The calculated contraction factors between 0,15 and 0,7 depending on the molar masses correspond to a very compact structure of the modified branched polymers at high molar masses.
Introduction
In recent years, the industrial interest in dendritic polymers has vastly increased and so have the research activities on optimising the properties of such materials [1, 2] . Thereby, hyperbranched polymers are of particular interest, because of their easy way of synthesis. At the same time it is this simple one-pot synthesis by polycondensation which leads to molecular structures, that are chemically and topologically rather complex [3] . The characterization of such molecules is a real challenge for the analytical researcher. Even molar mass determination turned out to be an awkward task, because of the high degree of branching, the lack of control on the molar mass during the synthesis and the resulting broad molar mass distributions. The method of the polymer elution fractionation was revived in order to deliver hyperbranched samples with discrete molar masses and rather narrow molar mass distributions and to enable deeper structural investigations [4] . A possibility to obtain narrower molar mass distributions during synthesis is via slow monomer addition [5] . This method works very well in different systems on the basis of AB 2 monomers and a B 3 -core molecule, but the products are still very complex with molar mass distributions more than 2. Moreover, the search for new materials and commercially available monomers led to the development of hyperbranched polymers on the basis of A 2 +B 3 monomers [6] [7] [8] [9] . This method demanded high control over the reaction conditions during synthesis because of the high probability of crosslinking of the resulting hyperbranched polymers on one hand [10, 11] . On the other hand the complexity of the synthesis often leads to side reactions and even broader molar mass distributions rendering the structural analysis of these polymers more complicated.
In the present work broadly distributed hyperbranched poly(urea-urethane)s based on AA* and B 2 B* monomers are investigated. The monomers are commercially available polyurethane raw materials, 2,4-toluylene-diisocyanate (TDI) and diethanolamine (DEA) reacting without any protection of the end groups in a one-potsynthesis to an assumed AB 2 intermediate which further leads to a hyperbranched polymer with urea and urethane units in the course of the reaction [12] . The different reaction steps and the reproducibility of the reaction were furthermore investigated in details by Sahre et al. [13] . Much attention is drawn towards these types of hyperbranched polymers due to their application potential especially as cross-linkers in coating formulations [14, 15] . In order to optimise their application and processing properties a detailed knowledge of the structure of the molecules is required. For this reason we investigated in this work the molecular shape of these polymers in the dissolved state as a function of their molar mass using the elution fractionation of broadly distributed hyperbranched samples. In addition to that, we show the influence of the chemical nature of the end groups on the solution behaviour of the hyperbranched polymer, protecting OH-terminated poly(urea-urethane) by phenylisocyanate [16] . These results give an insight into the relation between the end-group effects in solution and in bulk or at film surface as well as information on how branching and end groups affect the solvent-polymer interactions. Figure 1 shows the investigated OH-terminated [12] and the phenylisocyanate-protected hyperbranched polymer [16] . In order to gain a better understanding about the role of the highly branched structure in the polymer solvation process we also included into our investigations measurements on their chemically similar analogues with a linear architecture ( Figure 1 
Results and discussion
Deeper investigations on the physical parameters of the dissolved hyperbranched molecules were carried out on a series of samples with the same chemical structure and variation of properties like molar mass or architecture. In order to obtain bigger amounts of such samples, we fractionated the OH-terminated poly(urea-urethane) hb-PUR-OH yielding fractions of different molar masses for further measurements. A good solvent for this polymer was found to be DMAc while THF was rather a poor solvent, as expected from the large number of polar groups in the polymer molecules. To obtain solvent free polymers the isolated samples were dried at 60°C to remove the DMAc. After this treatment, the complete dissolution of the higher fractions was not possible anymore, which prevented further investigations of these fractions. We assumed that during the drying process some cross-linking reactions or degradation followed by side reactions of the polymer occurred, which are typical for the relatively unstable urea and urethane systems at high preparation temperatures. NMR measurements confirmed the assumed changes in the polymer structure after thermal treatment.
The ineffective fractionation of the OH-terminated poly(urea-urethane) forced us to look for an alternative series of polymers. Despite the fact that even high control over the reaction conditions does not have an influence on the achieved molar masses, we succeeded in synthesizing different molar masses of the hyperbranched polymers. Table 1 shows the hb-PUR-OH samples we synthesized in a relatively broad molar mass region. As typical for hyperbranched polymers, they are very broadly molar mass-distributed, and with the polymer conversion this distribution theoretically can approach infinity [11] . Nevertheless, we used these samples for the determination of their Kuhn-MarkHouwink-Sakurada (KMHS) relationship describing the dependence of the viscosity behaviour on the molar mass using the following relation:
The value of the exponent α lies usually between 2 and 0 and can be related to the molecular conformation and shape of a macromolecule in a given solution. The viscosities of the samples are also given in Table 1 .
Additional information, which can be extracted from the KMHS-plot is the contraction factor of the branched molecules comparing their viscosity to the viscosity of their linear analogues at the same molar mass as follows:
For this reason we prepared a series of linear polymers ( Figure 1 ) and after measuring their molar masses and viscosities (Table1), we plotted their KMHSrelationship. Figure 2 shows the KMHS-plot of both -the linear and the OHterminated hyperbranched polymer. The different slopes of the curves, α, correspond to the molecular shape in DMAcsolution. As expected, the linear polymer with α = 0.72 behaves as statistical coil (typically α =0.5 to 1) and the hyperbranched polymer takes a more compact, nearly globular shape with α = 0.25 (for hard sphere α = 0). The α -value of the hb-PUR-OH lies in a range which is typical for hyperbranched polymers, mostly being below 0.5 [4, 18] . For calculation of the contraction factor we extrapolated the linear fit of the KMHS-values of the linear polymers to higher molar masses, which is theoretically correct because of the linear dependence between the viscosity and the molar mass in the case of linear polymers. The same rule gives us the possibility to compare linear samples with different molar mass distributions. The contraction factors of the hyperbranched samples are presented in Table 1 . As expected, the decrease of the g'-values with the molar mass (at g' = 1 no contraction takes place) shows the increasing contraction of the polymers.
Realistically, the calculated values for the contraction factors should be handled with care. The open question is, whether the difference between the hyperbranched OHterminated polymer and the linear polymer is only in their architecture. We are convinced that on top of that the solution properties of our polymers as determined by their different architectures are strongly affected by their different polarity, i.e. the influence of the interaction between the solvent molecules and the terminal groups. The number of OH-end groups in the case of linear polymers, independent of their molar mass, is only two. 
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Hyperbranched molecules with the typical degree of branching of approx. 50% can posses about 15 times more OH-end groups at molar masses of about 10 000 g/mol which increase the polarity of the molecules drastically. To minimize the influence of the hydroxy end groups on the solvation of the hyperbranched molecules and to enable a more clear comparison between the different molecular architectures independently of the chemical structure, we protected the end groups of the OHterminated hyperbranched polymer by phenylisocyanate. We obtained polymer with a degree of modification of nearly 100% [16] . For subsequent determination of the KMHS-relationship we needed a series of samples with different molar masses. Therefore, we carried out a fractionation as described in the experimental part. The modification of the end groups had a positive secondary effect on our polymer -good solubility in THF, which makes it easily removable at room temperature after the fractionation, and thus, undesired thermal conversion of the polymer at higher temperatures could be avoided.
The weight distributions of the fractions in Figure 3a and the SEC-curves in Figure 4 show the successful isolation of 20 fractions with different molar masses out of the modified polymer. In Figure 3a two distributions are depicted. The isolated substance in fraction 1 to 11 corresponds to the peak at the end of the chromatogram in Figure  4 and a weight average molar mass of 1160 g/mol after using SEC-system A with calibration of the SEC results with linear polymer standard PVP ( Table 2 ). The second distribution in Figure 3a corresponds to the actual fractionation of the polymer in fractions 12-20 with different molar masses, which can be followed in Figure 4 and The separated substance in fraction 1 to 11 was investigated by NMR. Figure 5 shows the spectra of a polymer fraction 17 compared to fraction 9. The spectrum of fraction 9 demonstrates absence of polymer units, but a clear peak of the compound diphenylurea. As a by-product of the modification reaction it takes 30 wt.% of the whole product determined through analysis of its chromatographic curve recorded by RI-concentration detector.
The molar mass of the diphenylurea with 212 g/mol deviates admittedly very strongly from the 1160 g/mol calculated by the relative SEC-method using PVP-calibration. To challenge this result we carried out MALDI-TOF-MS measurements of different fractions shown in Figure 6 . The spectra of the smaller fractions show clearly a compound with a molar mass of 219 Da, which has to be associated with the ionised by-product diphenylurea+Li + . With an increasing number of fractions the polymer content increases; this can be concluded from the calculated repeating unit of 398 Da corresponding to TDI+DEA+phenylisocyanate. This is a definite indication, that our fractionation worked on the basis of separation by molar mass and the polymer fractions 12 to 20 are chemically identical. MALDI measurements did not yield appropriate molar mass information for the high molar mass polymer fractions because of the limits of the method. We determined the real molar masses using MALLS coupled to SEC, which is a well known absolute method for the determination of the molar mass ( Table 2 ). The comparison between MALLS and PVP-calibration shows the much lower hydrodynamic radius of the hyperbranched molecules compared to the linear PVPstandard. This result supports again our conclusions in previous studies [4] about the limits of the SEC with linear standard calibration for investigation of branched molecules.
The weight distribution of the whole fractionation is very narrow, indeed, as can be seen in Figure 3a . Fractions 12 to 16 are only in amounts of less than 40 mg which is too small for further characterization. In fraction 19 (F19) we separated more than 35% of the whole polymer -700 mg in total. This large amount and the still broad molar mass polydispersity made this polymer sample well suited for further fractionation. For this reason we isolated under the same conditions (THF as good and n-Hexane as poor solvent) 8 additional fractions (Figure 3b, 7) in an additional fractionation step.
These fractions were investigated using SEC with PVP-calibration (Table 3) . To calculate the real molar mass of these samples we applied a sample specific calibration (SSC) relationship using the molar masses of the previously conducted fractionation, determined by SEC and combined with light scattering ( Table 2 ). The results of this SSC are listed in Table 3 . Using these molar masses and the viscosities of the samples (Table 3) we plotted the KMHS-relaionship of the modified polymer hb-PUR-Ph in DMAc (Figure 8 ). The exponent α = 0.11 can be correlated to a molecular shape of a nearly hard sphere. In comparison to the OH-terminated hyperbranched polymer this structure is more compact, as also indicated by the very small contraction factor of 0.15 at a molar mass of 150 000 g/mol (Table 3 ). This fact shows the strong influence of the end groups on the solution behaviour of the hyperbranched poly(urea-urethane)s. The branching effect on the contraction of the molecules was in the case of hb-PUR-OH strongly reduced by the polar effect of the OH-groups in the used solvent.
Tab. 3. Molar masses, viscosities and contraction factors of 8 fractions after the fractionation of F19 (fraction 19 from the fractionation of hb-PUR-Ph

Experimental part
Synthesis of the hyperbranched polymers
The synthesis of the OH-terminated hyperbranched poly(urea-urethane) from 2,4-toluylene diisocyanate (TDI) and diathanolamine (DEA) is described in the work of Abd Elrehim et al. [12] . The modification of the OH-end groups of one of these polymer samples with phenylisocyanate was presented elsewhere [16] .
Model example for synthesis of hb−PUR−OH
8.69 g of TDI (50 mmol) was dissolved in N,N-dimethylacetamide (DMAc) in a threenecked round bottom flask fitted with thermometer, dropping funnel, and gas-inlet pipe. Dry N 2 was bubbled in the flask during the reaction and the solution was cooled down to -5°C. The second monomer DEA (5.25 g-50 mmol) dissolved in DMAc was added at this low temperature drop wise until the whole amount of the bishydroxyamine was charged into the flask. The ice bath was removed and the reaction proceeded until the required temperature was reached. The amount of NCO present in the solution was followed by titration. The method can be summarized as follows: samples of definite weights were taken from the reaction mixture at certain time intervals, 20 ml of 0.1M dibutylamine/chlorobenzene was added; the mixture was titrated against 0.1M HCl. The end point was determined potentiometrically. At the required NCO%-content which is equivalent to a definite degree of polymerization the reaction was stopped by addition of the calculated amount (based on remaining NCO) of stopper molecule which was usually the used bishydroxyamine (B*B 2 ). The amount added of DEA as stopper is 0.645 g. The polymer was precipitated in water, filtered, and dried in vacuum over P 2 O 5. The molar mass of this polymer used for elution fractionation was determined using SEC System A (see experimental part below) as M w = 76 000 g/mol (PDI = 7.0) and via light scattering experiments as M w = 94 000 g/mol. Furthermore varying the reaction time, we succeeded in synthesizing samples of different molar mass, even though with broad polydispersities, presented in Table 1 .
Model example for synthesis of hb−PUR−Ph
2 g of OH-terminated hyperbranched polymer (5.6 mmol OH) was dried carefully and dissolved in DMAc and reacted with 2.04 g of Ph-NCO (5.6 mmol) for 3 hours at room temperature. The reaction was followed through noticing the vanishing of the NCO-group using IR. The modified polymer is precipitated from water, filtered and dried under high vacuum. The T g of this sample is 113.2 °C. The molar mass of this polymer was determined using SEC System A (see experimental part below) as M w = 75 000 g/mol (PDI = 34.1) and via light scattering experiments as M w = 118 000 g/mol. This modified polymer was used for the elution fractionation (see below).
Synthesis of the linear polymer (scheme 1)
-Materials: 2,4-Toluylene diisocyanate (TDI) was provided from BASF AG, Germany and used as received. Both N-methyldiethanol amine (NMDA) and 2-ethanol amine (2-EA) are Merck, Germany, products used as received. N,N-dimethylacetamide (DMAc) was purchased from Aldrich, Germany, and was dried over CaH 2 before use.
-Method: 8.89 g (50 mmol) of TDI were reacted with 3.05 2-EA (50 mmol) under inert atmosphere at -5 °C. The amount of solvent used was 68 g. The whole amount of hydroxyl amine was added to the diisocyanate dropwise in a time period of one hour. In another round bottom flask 8.69 g (50 mmol) TDI were reacted with 5.96 g (50 mmol) of NMDA under inert atmosphere at 30 °C. The amount of solvent used was 88 g. The amino alcohol was added also in this case drop by drop under stirring with magnetic stirrer. No complete reaction was allowed to occur between diisocyanate and either of the diols. The content of the second flask was then added to the first one and the reaction was completed at 30 °C. The presence of NCO was followed by IR. Before complete vanishing of NCO band few drops of diol were added to stop the reaction. Varying the reaction time this procedure gave linear PU samples with both urea and urethane groups and different molar mass (Table 1) . Although the reaction is a complex one [17] the low reaction temperature allows the synthesis of linear polymers with good solubility in many solvents and chemical structure well comparable to its hyperbranched analogs. The 1 H-NMR spectrum of the linear polymer assigns the signals of the protons present in different positions in the polymer skeleton and excluded side reaction products. We were able to distinguish OH-peaks attached to the ethanolamide at 4.3 ppm and OH-peak of the other hydroxyl amine at 4.7 ppm. Urea groups can be seen in the range of 7.9 to 8.46 ppm, while the urethane groups for o-and p-positions can be found at 8.7 ppm and 9.5 ppm, respectively. 
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Elution fractionation
The fractionations were carried out at ambient temperature by extracting 2g sample of the hyperbranched polymer with a solvent mixture of good and poor solvent with increasing content of the good solvent during the procedure. For this purpose, we used a glass column filled with Ballotini (glass beads of 0.1 -0.2 mm diameter) coated with the hyperbranched polymer. The coating of the glass bead surface was carried out by exposing the glass material (400 ml) to 0.02 g/ml polymer solution in the good solvent followed by vacuum evaporation (10 mbar) of the organic solvent. For the extraction of fractions having different molar masses we utilized the different solubility of the polymer in poor solvent and the good solvent. The composition of the mixed solvent was varied between 0 and 100 vol.% of the good in the poor solvent. For subsequent investigations, the solvent of the extracts was evaporated and the isolated solid polymer was dried for 48 hours in vacuo.
The fractionation of the OH-terminated hyperbranched polymer (hb-PUR-OH) was performed using N,N-dimethylacetamide (DMAc) as a good and tetrahydrofuran (THF) as a poor solvent. The evaporation of the solvent from the extracts was carried out at 60°C in vacuo.
The fractionation of the modified hyperbranched polymer (hb-PUR-Ph) was performed using THF as a good and n-hexane as a poor solvent. The evaporation of the solvent from the extracts was carried out at ambient temperature in vacuo.
SEC
SEC analysis was carried out at ambient temperature on three chromatographic systems:
-System A: HP Series 1100 chromatographic system (Hewlett Packard, USA) with 2 columns Zorbax PSM Trimodal -S (Rockland Technologies Inc., USA). Mixed solvent N,N-dimethylacetamide (Merck, Germany) with 3g/L LiCl (Fluka, Buchs, Switzerland) and 2 vol.% H 2 O (DMA / LiCl / H 2 O) was used with a flow rate of 0.5 ml/min and RI-and UV (280nm) detection. The molar mass and molar mass distributions were calculated using a calibration relationship of the linear polymer standard poly(2-vinyl pyridine) (PVP, Polymer Laboratories, UK).
-System B: Modularly built SEC with HPLC-Pump (KNAUER, Germany), RI-detector (KNAUER, Germany) and two angle laser light scattering detector (TALLS, Precision Detector, 15° und 90°, POLYMER LABORATORIES, UK) was used for this system. The solvent, as in system A, mixed DMA / LiCl / H 2 O, was pumped through a column PLgel 10 m μ MIXED-B-LS (POLYMER LABORATORIES, UK) at a flow rate of 1 ml/min.
-System C: Modularly build SEC with HPLC-Pump (KNAUER, Germany) in combination with RI-, UV-detector (KNAUER, Germany) and multi angle light scattering (MALLS) detection (DAWN-EOS, Wyatt Technologies, USA) was used. The solvent THF was pumped at a flow rate of 1.0 ml/min through a 2-PL-Mixed B-LS column system (POLYMER LABORATORIES, UK).
Viscosity
The solution viscosities were measured in mixed DMAc with 2 vol.% water and 3 g/L LiCl at ambient temperature using an Ubbelohde viscometer. The values of the reduced viscosity (η spec. / c) were used instead of intrinsic viscosity for the calculation of the Kuhn-Mark-Houwink-Sakurada coefficient and were obtained by single point measurements (c = 0,15 g/dL).
NMR
1 H-NMR spectra were recorded on a Bruker DRX 500 NMR Spectrometer operating at 500.13 MHz. The spectra were measured in DMSO-d 6 , used also as an internal standard.
MALDI-TOF-MS
MALDI-TOF-MS experiments were performed on a HP G2030A MALDI-TOF-MS system (Hewlett-Packard, USA) with delayed extraction option (GSG, Germany). The desorption/ionisation was carried out using a pulsed N 2 -laser. Mass spectra were obtained from 28 kV acceleration voltage (positive polarity). The matrices used were 2,5-dihydroxybenzoic acid (DHB/THF, Fluka Germany) or sinapinic acid (SNP/THF, Fluka Germany) with LiCl-modifier. The mixture of the investigated sample and the matrix was dried on a sample holder in vacuo.
